Room temperature magnetism in LaVOs/SrVOs superlattices by geometrically 

confined doping 
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Based on the Hubbard model of strongly correlated systems, a reduction in the bandwidth of the 
electrons can yield a substantial change in the properties of the material. One method to modify 
the bandwidth is geometrically confined doping, i.e. the introduction of a (thin) dopant layer in 
a material. In this paper, the magnetic properties of LaVOa/SrV03 superlattices, in which the 
geometrically confined doping is produced by a one monolayer thick SrVOs film, are presented. 
In contrast to the solid solution Lai-^Sr^VOs, such superlattices have a finite magnetization up 
to room temperature. Furthermore, the total magnetization of the superlattice depends on the 
thickness of the LaV03 layer, indicating an indirect coupling of the magnetization that emerges at 
adjacent dopant layers. Our results show that geometrically confined doping, like it can be achieved 
in superlattices, reveals a way to induce otherwise unaccessible phases, possibly even with a large 
temperature scale. 
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The physics of doped Mott insulators embraces a 
wealth of fascinating properties such as high tempera- 
ture superconductivity-^, colossal magnetoresistance^ 
and stripe formation-, among others. While these prop- 
erties are linked with mixed valent perovskite-like sys- 
tems containing Cu, Mn or Ni, systems involving V ions 
have not been associated previously with such spectacu- 
lar effects. Indeed, the phase diagram of the solid so- 
lution Lai-^Sr^VOs is quite simple compared to the 
above cited materials. LaVC>3 is a Mott insulator, show- 
ing an antiferromagnetic transition at 143K and a struc- 
tural transition at 141K— . Upon doping with Sr, this 
antiferromagnetic transition persists up to a Sr concen- 
tration x w where an insulator to metal transi- 
tion occurs. For higher x, Lai-^Sr^VOs becomes a non- 
magnetic metal, yet showing a non-Fermi liquid behavior 
of the resistivity. Its T 3 / 2 dependence indicates strong 
magnetic fluctuations^, suggesting that the system is on 
the verge of a magnetic transition, which still remains to 
be evidenced. 

In fact, such a magnetic transition is expected on 
the basis of the extensive theoretical work devoted to 
strongly correlated systems, especially on the basis of 
multiband Hubbard-type models (se o 10 ' 11 ' 12 for reviews) 
or by means of electronic structure calculations with dy- 
namical mean-field theory^. Among the examined in- 
stabilities of the weakly interacting paramagnetic state, a 
ferromagnetic ground state has been the focus of numer- 
ous studies, following the pioneering paper by Lacroix- 
Lyon-Caen and Cyrol^. Since then, it has been clar- 
ified that the underlying non-interacting model plays a 
key role when assessing the instabilities, be it a doubly 
degenerate Hubbard Model, or a model involving two de- 
generate e g or t2 g orbitals. For instance, evidence for a 
ferromagnetic ground state in the vicinity of three quar- 
ter filling (the expected relevant density of charge car- 
riers in our metallic layers) has been put forward by 



means of exact diagonalization for the doubly degener- 
ate Hubbard Model for arbitrary interactions strengths 
U and Jr by Romano et al.J>5, or above a critical ra- 
tio of the interaction strength U to the band width W 
for the two-dimensional Hubbard Model involving two 
degenerate ti g orbitals by means of slave boson saddle 
point approximation^. As the latter model should be rel- 
evant to Lai- x Sr x V03, the experimental observation of 
a metallic paramagnetic phase indicates a value of U/W 
smaller than the critical one for the solid solution. Yet, if 
one experimentally succeeded in increasing U/W, for ex- 
ample by reducing W by means of geometrically confined 
doping (GCD), a ferromagnetic phase could emerge. 

Our approach to reduce the bandwidth of the dopant 
electrons in Lai-zSr^VOs is introducing doping sublay- 
ers of SrO in (001) oriented layers of LaVC>3 by growing 
superlattices of LaVOs/SrVOs. The SrVC>3 layers have 
a nominal thickness of one unit cell, whereas the LaVC>3 
has a thickness of 6 or less unit cells. Such samples can 
be considered as LaVC>3, in which certain LaO subplanes 
are replaced by a SrO subplane, leading to a doping of 
the adjacent VO2 subplanes (see Figure QJ a)) due to the 
difference in oxidation state of La and Sr. The insulating 
character of the LaV03 layers confines the doped charge 
carriers in the vicinity of the SrO subplane, imposing 
a two-dimensional (2D) character to the 3d t2 9 bands, 
which reduces their bandwidth. 

To our knowledge, no magnetic measurements were 
published on such GCD systems of ta g electrons 2 ^. While 
superlattices of LaTiOs/SrTi03 have been successfully 
prepare d 17 ' 18 and the artificially imposed charge mod- 
ulation of the Ti ions was demonstrated, no magnetic 
data were published. Magnetism was shown recently 
at polar discontinuous interfaces between non-magnetic 
materials^ at much lower temperature. Single (001) in- 
terfaces of LaVOs/SrVOs were realized experimentally 2 ^ 
and considered theoretically^, agreeing that this inter- 
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FIG. 1: (color online) (a) Sketch of the superlattice in the ac 
plane, (b) 8-28 scan of a high pressure m = 6 sample. A su- 
perlattice satellite peak is indicated by its order number. The 
reflection indicated by a star is from the sample holder. Inset: 
Zoom on the superlattice Bragg peak of a m = 5 sample. 



face is insulating, but the theoretically predicted mag- 
netic character was not verified. Even though the su- 
perlattices in our study contain the same interfaces, two 
reasons suggest not to discuss our results in this frame- 
work: first, the interface was shown to be insulating, 
while GCD samples show conducting behavior, thus the 
observed effects should be understood based on dop- 
ing. Second, magnetism was also observed in (110) GCD 
samples, in which the interfaces do not exhibit a polar 
discontinuity^. 

The samples were prepared by Pulsed Laser Deposi- 
tion on SrTiC>3 (001) substrates, details are described 
elsewhere^. Single films of both insulating LaV03 and 
metallic SrVC>3 show magnetic and transport properties 
similar to their respective bulk counterparts. The super- 
lattices consist of repetitions of a (LaV03)[m]/(SrV03)[l 
unit cell] bilayer, where m is the thickness of the LaVC>3 
layer and was varied between m = 2 to 6 unit cells. The 
deposited number of layers was verified by the analysis 
of the superlattice satellite peaks in the X-ray diffrac- 
tion (XRD) pattern, the separation in angle of which is 
directly related to the thickness of the bilayers. The num- 
ber of repetitions was adjusted so that the total thickness 
of all samples is around llOnm. A single film of the solid 
solution with x = 0.15 was made by alternating the de- 
position of the two materials with submonolayer period 
in this stochiometric ratio. This sample will serve as a 
reference sample. 

The structural properties were measured by XRD us- 
ing a Seifert 3000P diffractometer with the Cu K Q i wave- 
length of 1.5406A. Magnetic measurements were done 
in a Magnetic Property Measurement Device SQUID 
(Quantum Design) with the magnetic field applied in 
the plane of the film along a (100) direction. No mag- 
netic in-plane anisotropy was observed. As the magne- 
tization of the superlattices is small, misinterpretations 
due to magnetic artifacts must be avoided. For this rea- 
son, the magnetization of bare SrTiC-3 substrates was 
measured at different temperatures. On top of the ex- 
pected diamagnetic behavior, a small hysteresis with a 
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FIG. 2: (color online) Magnetization vs magnetic field for a 
high pressure m = 6 superlattice (circles) at 10K and 300K, 
and the solid solution single layer (squares) at 10K. Inset: 
Normalized magnetization of the same suo vs temperature in 
an applied field of 500Oe. 



magnetization at high field on the order of 10~ 5 emu was 
measured, which is most likely caused by magnetic im- 
purities. This magnetization, if erroneously attributed to 
the thin film and therefore normalized on a typical film 
volume, would correspond to a magnetization of around 
15emu/ccm. Therefore, a hysteresis loop of a sample with 
a saturation magnetization of 15emu/ccm or less cannot 
be attributed unequivocally to the thin film, and is prob- 
ably due to artifacts within the substrate. To account for 
the diamagnetic contribution of the substrate to the total 
magnetization, the high field magnetization slope of the 
hysteresis loops was fitted and subsequently subtracted 
from the data. 

To investigate the influence of the localization of the 
electrons on the properties of the superlattices, two differ- 
ent series were prepared in vacuum at different pressures. 
The first series prepared in a pressure of 4 x 10~ 5 mbar 
will be referred to hereafter as the high pressure series. 
The low pressure series was grown in a pressure of 1 x 
10 -5 mbar. In-plane transport measurements of the two 
different series show a metallic character at room tem- 
perature for any value of m. Yet, the value of the re- 
sistivity varies between the two series: the high pressure 
series shows a room temperature resistivity of around 1 
to lOmficm, while for the low pressure series a resistivity 
of around 0.1 to 3mf2cm was observed. Note that trans- 
port properties on similar superlattices were published 
recently^, showing insulating behavior for the m > 4 su- 
perlattices. These superlattices were deposited at even 
higher pressure, illustrating the criticality of this param- 
eter for the properties of the samples. First evidence of 
the layered structure of our samples is provided by out- 
of-plane resistance measurements, which were carried out 
for the high pressure series. They revealed a tempera- 
ture dependence typical of insulators, in contrast to the 
in-plane measurements. 

A typical result of out-of-plane XRD measurements at 
room temperature is shown in Figure Q] for the high pres- 
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FIG. 3: (color online) Magnetization vs magnetic field for the 
high pressure series with m ranging from 2 to 6 at 10K. 



sure m = 6 sample. Except of indications of an increasing 
quality of the samples with decreasing deposition pres- 
sure, spectra for both series do not show significant dif- 
ferences. Combined with in-plane XRD measurements, 
a cube-on-cube epitaxy of the superlattices on the sub- 
strate is deduced. The perovskite structure presents a 
small tetragonal distortion (a c /c = 0.388nm/0.395nm = 
0.98, where a c is the in-plane lattice parameter of the 
pseudo-cubic representation and c the out-of-plane lat- 
tice parameter) . The measured a c corresponds to a value 
located between the lattice parameter of bulk LaVC-3 
(0.392nm) and SrV0 3 (0.382nm), and is slightly smaller 
than the substrate value. 

An important issue is the morphology of the SrO dop- 
ing layers. The presence of superlattice satellites and 
Laue fringes at the Bragg peak of the superlattice (002) 
reflection indicates a layered structure with an accom- 
plished supercell and smooth interfaces, and therefore in- 
directly supports the continuous character of the dopant 
layer. Moreover, high-resolution electron microscopy im- 
ages were taken of samples with 3 unit cell thick SrVC>3 
layers^, showing continuous SrV03 layers with an inter- 
face roughness not exceeding one monolayer. Such ev- 
idence is a strong indication that we have achieved the 
deposition of continuous 2D SrO subplanes. 

In Figure [2] the hysteresis loops of two films with the 
same nominal composition are compared, but with dif- 
ferent dimensionality of the doping: a high pressure m = 
6 superlattice (GCD) and the Lao.ssSro.isVOs solid so- 
lution single layer (3-dimensional doping). For the solid 
solution film, the composition of which is in the range of 
the bulk antiferromagnetic insulating phase, a small hys- 
teresis is found at low temperature. As its magnetization 
is in the range of 15emu/ccm, it can be attributed to sub- 
strate impurities as discussed previously. Regarding the 
superlattice, the hysteresis loop shows a total magnetiza- 
tion that is more than three times higher. Thus, the su- 
perlattices are magnetically ordered due to the introduc- 
tion of the GCD. The comparison with the solid solution 
film demonstrates that the magnetization in the super- 
lattices can neither be growth induced, nor attributed to 



FIG. 4: (color online) Saturation magnetization of the super- 
lattices of the high pressure series (solid squares) and the low 
pressure series (open circles) vs m at 10K. The sketches in the 
figure show a possible magnetic structure of the superlattice. 



impurities or other artifacts due to the treatment of the 
sample or the data. 

The saturation magnetization of the superlattices 
varies with m. As can be observed in Figure[3]for the high 
pressure series, superlattices with m = 4 and 6 show a 
saturation magnetization of around 50emu/ccm, whereas 
the superlattices with m = 2, 3, and 5 have a low mag- 
netization in the range of 15emu/ccm. The magnetic 
moment of the same samples along with the low pressure 
series are summarized in Figure |4j Both superlattice se- 
ries exhibit the same behavior, although the amplitude 
of the magnetization variation for the low pressure series 
is smaller. 

The above evidenced magnetic order of the superlat- 
tices can be understood on the basis of the spatial control 
of the doping layer. As mentioned above, the two dimen- 
sional character of the doping planes leads to a reduction 
of the bandwidth of the bands crossing the Fermi energy 
and therefore a stronger localization of the 3d electrons, 
favoring a ferromagnetic order. Such a bandwidth reduc- 
tion is robust against various forms of moderate disorder, 
in particular the possible buckling of the SrO subplanes 
and their adjacent VO2 subplanes. Consequently, the fer- 
romagnetic order can sustain a certain level of disorder. 
However, ferromagnetism is not obtained in the strong 
disorder limit, namely when the film consists of a solid 
solution with the same nominal Sr concentration. There- 
fore we can conclude, without having shown explicitly 
the electron confinement or the exact character of the 
SrO doping planes, that the magnetization is induced by 
the layered structure of the sample. 

The temperature dependence of the magnetization of 
the superlattices was measured up to room temperature 
(see inset of FigureEJ . The observed decrease of the mag- 
netization is very shallow and 80% of magnetization at 
10K remains at room temperature. Therefore, the Curie 
temperature seems to be far above room temperature, 
indicating a robust magnetic exchange interaction in the 
samples. The solid solution and the related compounds 
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show no magnetic long-range order or a substantially 
lower magnetic transition temperatures, which stresses 
the opportunities provided by the GCD method. 

The magnetic moment per V ion in the mixed va- 
lence VO2 layers was extracted from the magnetization 
measurements under the assumption that each SrO layer 
accounts for two doped VO2 subplanes. Charge dis- 
tribution calculations performed for LaMnOs/SrMnOs 
superlattices^ 4 - showed that the mixed valence is re- 
stricted principally to the two monolayers directly at the 
interface. The extracted values are shown in Figure HI 
The highest magnetic moment is found for the high pres- 
sure m = 6 superlattice with a value of 1.4/^s/V ion. In 
a simple model, the VO2 subplanes adjacent to the SrO 
doping layers will have an equal amount of V 3+ and V 4+ . 
The corresponding magnetic moments are 2/xb and 
per V ion, respectively, resulting in an overall magnetic 
moment of 1.5^b per V ion in the VO2 subplanes adja- 
cent to the SrO doping layer, which is consistent with the 
observed value. 

The maximum magnetization of the low pressure series 
is smaller than for the high pressure series. This differ- 
ence emphasizes the role of localization of the t2 g elec- 
trons in the superlattices. In the solid solution, magnetic 
order does not develop because the electrons are mostly 
itinerant^. Therefore, in the more metallic low pressure 
series, the enhanced order at the doping layer leads to a 
suppression of the magnetic moment. Let us note that a 
variation in oxygen vacancies due to the change in depo- 
sition pressure would lead to the opposite effect. 

The absence of a macroscopic magnetization for the m 
= 2 sample is most probably due to the small thickness of 
the LaV03 layers, in which case the previously discussed 
reduction of the bandwidth is less effective, especially 
when taking the likely leakage of the charge carriers into 
the single remaining non-doped VO2 subplane into ac- 
count. For the m > 2 superlattices, the m-dependence of 
the magnetization exhibits a clear even-odd effect, which 



can not be explained by a variation of the magnetic mo- 
ments of the magnetic VO2 subplanes, as the addition of 
one monolayer of LaV03 only changes the spacing of the 
GCD zones, but not their inherent character. Instead, we 
propose an indirect coupling of the magnetic VO2 sub- 
planes resulting in a ferromagnetic or antiferromagnetic 
alignment depending on the thickness of the separating 
LaVOa layer. 

This is similar to the theoretical prediction by Jack- 
eli and Khaliullin^i that the coupling of the magnetic 
LaVOa/SrV03 interfaces oscillates with the thickness of 
the LaV03 layer. Yet, their result was obtained assuming 
fully nested Fermi surfaces, and therefore an insulating 
ground state, which is at odds with the metallic charac- 
ter of our superlattices. Besides, it should be noted that 
no peculiar temperature dependence of the magnetiza- 
tion in the entire temperature range below room temper- 
ature was observed, especially in the vicinity of the Neel 
temperature of bulk LaV03. Moreover, the oscillating 
coupling subsists up to room temperature. 

In conclusion, a room temperature magnetization was 
found in two dimensionally doped LaVOa/SrVOa super- 
lattices. The emerging magnetic behavior is attributed 
to the lower bandwidth of the conduction electrons and 
therefore a direct result of the strongly correlated char- 
acter of the electrons in this system. The relevance of 
the bandwidth was indirectly shown by the lower mag- 
netic moment per V ion in low resistivity samples. The 
observed magnetic moment is consistent with a mixed va- 
lence of the VO2 layers adjacent to the SrO doping layers. 
The magnetization of the superlattices varies with the 
number of LaV03 unit cells separating the doping lay- 
ers, and can be attributed to a form of indirect coupling 
of the mixed valence VO2 layers, indicating rich physics 
in this system. 
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